Grease, as used for lubrication of rolling bearings, is a two-phase organogel that slowly releases oil from its gelator matrix. Because the rate of release determines the operation time of the bearing, we study this release process by measuring the amount of extracted oil as a function of time, while we use absorbing paper, to speed up the process. The oil concentration in the resulting stain is determined by measuring the attenuation of light transmitted through the paper, using a modified Lambert-Beer law. For grease the timescale for paper imbibition is typically 2 orders of magnitude larger than for a bare drop of the same base oil. This difference results from the high affinity, i.e. wetting energy per unit volume, of the oil for the grease matrix. To quantify this affinity, we developed a Washburn-like model describing the oil flow from the porous grease into the paper pores. The stain radius versus time curves for greases at various levels of oil content collapse onto a single master curve, which allows us to extract a characteristic spreading time and the corresponding oil-matrix affinity. Lowering the oil content results in a small increase of the oil-matrix affinity yet in a significant change in the spreading timescale. Even an affinity increase by a few per mill doubles the timescale.
Introduction
Grease is a soft material that consists of an organogelator network formed by self-assembled fibers or aggregates of platelets. The network serves as a matrix retaining oil up to a typical volume fraction of 80-90% 1,2 . Depending on the type of grease, the network is formed by fibers ranging from 0.1 to 0.5 µm in diameter and 0.2-5 µm in length, or by clusters of micrometer sized platelets, and takes up 10-30% of the volume fraction 3, 4 . Grease is widely used in rolling bearings as a reservoir to retain and slowly release oil for the lubrication of the bearing. The oil should be released very gradually, ideally throughout the full life time of the bearing, i.e. typically several years. This process is very similar to the gradual release of liquid from food products 5 , responsive gels and (de-) swelling polymer brushes with applications e.g. in drug release, lubrication, anti-icing, self-cleaning surfaces [6] [7] [8] and in art conservation 9, 10 . Despite this wide range of applications and the technological relevance for lubrication, the physical properties of the grease/gel that govern the release of the liquid are not well understood, nor how they should be quantified. Qualitatively, this release process, which is also known in the engineering literature as "bleeding" 2 , is driven by wetting and capillary forces of the bearing surface 11 . These driving forces are counteracted by viscous forces and by the affinity of the oil for the grease matrix. In practice, maintenance engineers deposit patches of grease onto blotting paper at elevated temperature and observe how the oil stains the paper, in order to assess the state of the grease qualitatively 12 . A review of liquid spreading on substrates and in porous materials can be found in 13 .
In this work, we develop a quantitative scheme to depict the transfer of oil from the grease into porous paper and to extract an affinity parameter that describes the retention strength of the grease matrix. To this end, we monitor optically the growth of an oil stain after depositing a fixed amount of grease onto the paper in the course of a few hours. Transmitted light intensity profiles reveal the distribution of oil in the pores of the paper and allow to define an effective radius, based on the absorbed mass instead of the commonly used sharp-front approximation 14 . To describe the time evolution of this radius we develop a Washburn-like model for the capillary flow from the grease matrix into the porous paper 15, 16 . The collapse of the spreading radius versus time curves onto a single master curve for greases with various levels of oil content allows us to extract a characteristic spreading time and an affinity parameter that characterizes the oil-organogel matrix interaction. The experimental setup includes four basic elements: a free-standing sheet of blotting paper, on which the grease or the oil can be deposited, clamped between two plastic rings with an inner diameter of 20 mm; a LED pad (Metaphase) with a diffuser mounted below the sample holder, and a CCD camera (IDS, UI-3130-CP) to monitor the spreading process by recording the light transmitted perpendicularly through the sample with a frame rate of 0.6 (when extracting oil from oil drops) or 0.012 frames per second (from grease). Two types of paper were used, SKF MaPro kit test paper (denoted in the following as SKF paper) with a thickness of 182 µm and Whatman Chr1 chromatography paper (denoted as WCP paper) with a thickness of 167 µm. Mercury porosimetry revealed that the SKF paper has a porosity of (34.5 ± 0.1) % with pore sizes ranging from 0.2−15 µm in diameter. The corresponding values of the WCP paper are (39.8±0.2) % and 1 − 30 µm. To analyze the extraction of the oil from grease into the paper, cylindrical patches of grease with a diameter of 10 mm and a thickness of approximately 1.1 mm are deposited in the center of the paper using a glass mold and a spatula. Fig. 1 shows a side view image of a typical sample from an angle, with the grease patch in the center and a bright halo of enhanced transmission surrounding it due to oil that has been absorbed by the paper approximately 1-2 h after depositing the grease on the paper. The grease used in the present study consists of polyurea as a gelator with a volume fraction of 24% and a synthetic ester oil with a density of 0.91 g/cm 3 and a viscosity of 0.14 Pa s at room temperature. To investigate the effect of grease aging, measurements of oil extraction and spreading were performed both with neat grease as supplied as well as batches of grease from which the oil was partially removed by centrifugal filtration at 1500 rpm (432 g) at 20 • C using Whatman grade 1 filter paper. Depending on the duration of centrifugation, the grease was depleted to 76% and 66% of the original oil content, as determined by measuring the weight reduction of the centrifuged grease. Drops of the oil extracted by centrifugation with volumes between 3 and 18 µL were also deposited on blotting paper. Their spreading behavior was monitored as a reference and for calibration purposes to extract information about the permeability and the affinity between oil and paper. Top view images of the transmitted light (see Fig. 2 ) were analyzed using standard image processing techniques. Specifically, the edge of the spreading oil stain was determined, after some background subtraction procedure, using a numerical routine for boundary detection in digital images. Subsequently, a least-squares circle fit to the numerically extracted edge was used to calculate the average front radius R f r of the oil stain. Fig. 2 shows a series of characteristic snapshots of spreading oil stains from an oil drop (left column) and from a grease patch (right column) as well as series of corresponding intensity profiles. The oil drop was extracted from the same type of grease by centrifugal filtration. Plotting R f r as a function of time, see Fig. 3 , reveals that the oil stain initially grows quickly and subsequently slows down, roughly in agreement with Washburn's law that predicts an advancement ∝ √ t. Note, however, that it takes approximately 10 times longer to reach a spreading radius of approximately 15 mm in the bottom row for the oil that is extracted from the grease patch as compared to the sessile drop. Since the oil and the paper are the same in both experiments, this retardation is direct evidence of the retention forces of the grease matrix that we aim to quantify in this study. The video images as well as the representative intensity cross sections shown in Fig. 2b reveal that the spreading of the oil in the paper is in fact a two stage process. During the initial stages of oil spreading, the transmitted intensity in the center of the oil patch is essentially constant and drops sharply at R f r to the level of the surrounding dry paper. At later stages when the spreading rate has slowed down, however, the transition of the intensity at the edge of the stain becomes gradually more smeared out. Moreover, the total transmitted intensity in the center of the oil stain decreases. The occurrence of these two fluid spreading regimes in porous media has been discussed before by Danino and Marmur 14 and has been attributed to the polydispersity of the pore sizes within the paper. During the first fast spreading regime of the oil, all pores become fully saturated with oil and the oil front is sharp. At the same time, the transmission of light is maximum because the oil greatly reduces the refractive index mismatch between the fibers of the paper and the pore space and thereby the scattering of light. As the spreading process slows down with time, however, the stronger suction power of the smaller pores overwhelms the lower hydraulic resistance of the larger pores. As a consequence, small pores ahead of the main part of the oil stain get filled and the front becomes increasingly dispersed. Danino and Marmur denoted this stage as redistribution regime to emphasize that oil is being redistributed from larger pores to smaller ones 14 . For a finite reservoir such as our oil drops, this redistribution process implies that at very late stages, the fluid eventually fills the smallest pores across the entire sample. As a consequence, many of the initially filled larger pores in the center of the paper are gradually emptied again. In the experimental images this process also manifests itself in the decreasing transmitted intensity in the center of the oil stain due to the now again increasing light scattering from the larger pores. This trend is consistent with Gillespie's observations in his study of oil stains on paper 17 . Oil stains spreading from a grease patch always spread much slower than the ones from the oil drop. As a consequence, the redistribution regime essentially sets in immediately as the oil stain starts to spread. Therefore, the front of the oil stain is rather gradual from the be-ginning and the transmitted intensity never reaches the maximum level of the fully oil-saturated paper (Fig. 2b) . While this redistribution process is very interesting as such and certainly deserves further investigation, it is also very complex and it is not the purpose of our present study, in which we aim to quantify the retention of the oil by the grease matrix. In that respect, the redistribution is a secondary process that takes place purely within the paper while our goal is to quantify the transfer of oil from the grease to the paper. Therefore, we will develop in the following a model that is essentially a Washburnlike imbibition model treating the grease and the paper as two separate porous media, each considered as homogeneous upon averaging over a sufficient number of pores. Each of these media is characterized by a certain affinity between the oil and the porous matrix, which is a characteristic energy per unit volume of the oil-filled medium. We expect that this energy will be dominated by the gain in interfacial energy upon wetting the porous matrix. Hence, it should depend on the interfacial tensions and the specific wetting area of the matrix. As a certain volume of oil is transferred from the grease into the paper, the system gains energy because the affinity of the paper is higher than the one of the grease matrix, as apparent from the spontaneous occurrence of the process in the experiments. This gain in wetting energy is opposed by viscous dissipation that we will quantify in a Darcy-approach, in principle in both media. Since the gain in wetting energy and the viscous friction within the paper will be identical for the spreading experiments from the oil drop and from the grease patch, we will strive to extract the grease properties from the retardation of the spreading as shown in Fig. 2 . With these ideas in mind, we assume that we can ignore the details of the redistribution of oil within the paper to a first approximation. To extract the quantities of interest, however, we do need to quantify the amount of oil in the paper based on our experimental data. While the front radius R f r can be extracted easily and robustly from all experimental data, as described above, it is clear from the lower-thanfully-oil-saturated transmitted intensity in the oil stains surrounding the grease patch that we cannot assume the pore space to be completely filled with oil all the way up to R f r . Instead, we first need to develop a procedure to identify an effective radius R up to which the paper can be assumed to be completely saturated and then proceed with a standard Washburn-Darcy-type model to describe the spreading dynamics and eventually extract the affinity of the oil to the grease.
Experimental approach

Results
Experimental phenomenology and physical approach
Extracting the effective stain radius
Converting light intensity into oil concentration.
To convert the transmitted light intensity to the mass of oil in the paper, we implemented a modified LambertBeer relation. When light passes through the paper, the light intensity is reduced due to the volume fraction of the paper fibers, the empty pores in the paper and pores filled with oil. Thus, the intensity reduction −dI when light passes through a layer of thickness dz is described as:
where q is the extinction coefficient. Assuming that the absorption and/or scattering of transmitted light scales not only with the density of pores as in the original Lambert-Beer Law 18 , but also with a certain power β of the radius s of these pores, we define the extinction coefficient q in an ad-hoc manner as:
The three terms on the right hand side represent the attenuation contributions from the filled pores, the open pores and the paper fibers, respectively. Here α(s) is the fraction of pores with radius s filled with oil and 1 − α(s) the fraction of open pores with radius s, while n(s)ds is the number density of pores with a radius between s and s + ds. The coefficients λ 1 , λ 2 and q 0 are positive constants. Because dry paper absorbs more light in transmission (looks darker) than wet paper, λ 2 should be larger than λ 1 . Integrating Eq. 1 over the thickness of the paper and normalizing the intensity with respect to the average background intensity of the dry paper, one obtains:
where I bg is the transmitted intensity through dry paper, n t = n(s)ds the total number density of pores, s β α = n −1 t s β α( r, s) n(s)ds the density weighted average of s β α( r, s) and b is the thickness of the paper. On the other hand, the volume fraction of oil is given by φ = 4 3 πn t s 3 α( r) . For simplicity, we assume that: a) the pore size distribution is uniform, i.e. n(s) = n 0 for s min < s < s max , b) the radius s min of the smallest pores is close to zero and c) the oil only fills and saturates all pores with a radius smaller than a critical value s φ that depends on the local volume fraction of oil. With these assumptions, s β α ∝ s β +1 φ , where β + 1 should be positive, and s φ ∝ φ 1/4 . Substituting last two expressions in Eq. 3 one obtains:
where φ is a positive dimensionless constant that scales with [b(λ 2 − λ 1 )] −4/(β +1) . Summing over the amount of oil in all pixels leads to the total mass of absorbed oil:
with m = ρbA px φ , where A px is the area of a pixel and:
where c = 4/(β + 1). The integrated intensity contrast S should be constant in the redistribution regime, when the drop is totally absorbed by the paper. Therefore we can determine the value of c by adjusting the slope of the S(t) curve in this regime to zero, which results in c = 1.67. This value correspond to β = 1.4 for the power-law dependence of the extinction coefficient on the pore radius. The conversion factor m is obtained by plotting the average plateau value of the integrated intensity contrast in the redistribution regime, S ∞ , versus the mass of the oil drops, see Fig. 4 . The slope of the best fitting linear correlation, is equal to m −1 . For both types of paper the experiments show a linear dependence. This linear relation, and so our modification of the Lambert-Beer law, is further validated by extrapolating the fits towards full saturation. At the center of the oil drop the paper is fully saturated. Therefore S ∞ is determined by the transmitted light intensity at the center. The obtained value for S ∞ is correctly predicted by the mass of oil as calculated for saturation of all pores in the paper, m s = ρbφ p A, where ρ is the density of oil, φ p is the porosity of the paper. The conversion factor m −1 is found to be 33 ± 2 mg −1 for SKF paper and 19 ± 1 mg −1 for WCP paper. 4 The integrated intensity contrast S ∞ versus the mass of the absorbed oil drop, as measured on SKF (red circles) and WCP paper (blue triangles). Solid lines: the linear fits. The star symbols in the inset show the saturation value S ∞ when the considered area is fully saturated, versus the mass of oil absorbed in that area. The slopes indicate the intensity-mass conversion factor m −1 : 33 ± 2 mg −1 and 19 ± 1 mg −1 for SKF and WCP paper, respectively.
Stain growth.
From the absorbed mass of oil, m, we calculate an effective radius, R, which would be the radius of the stain if all pores within the stain were saturated with oil, i.e. m = ρφ p πbR 2 . Also this radius has been plotted as a function of √ t in Fig. 3 (blue symbols). Comparing the effective radius R with the front radius R f r , it is clear that we cannot use R f r to estimate the amount of liquid in the paper, because it still increases after the total drop has been taken up by the paper. But the radius R reaches a plateau value once the drop is fully absorbed.
The oil stains obtained from grease patches are analyzed in the same manner, except for the circular region near the center, that is covered by the grease patch. Here, the patch itself causes an additional intensity reduction, as shown in Fig. 2 . In our analysis, this region is assumed to be saturated. This leads to a slight overestimation of the effective radius in the initial stage, because from the intensity profiles B1-B3 in Fig. 2 we observe that the intensity under the patch is not homogeneous, which implies that this area of the paper is not fully saturated. Therefore the total mass of absorbed oil is slightly overestimated and so the effective radius R. Despite this simplification, the model provides a quantitative comparison between the oil release dynamics of an oil drop and that of a grease patch. The effective radii of oil stains upon spreading from a drop or from a grease patch, for patches with various degrees of oil content, are plotted versus the square root of time in Fig. 5 . Here t = 0 is defined by the moment the grease patch is deposited on the blotting paper. For each concentration at least three different samples were used. All these curves are given in the figure, the overlap at each concentration indicates the reproducibility of the measurements. Evidently, the timescale for spreading from an oil drop is much shorter than for spreading from a grease patch. Moreover, the more the grease patch is depleted, the slower the oil release. This observation suggests a gradually decreasing rate of oil release when a considerable amount of oil has already been extracted from the grease matrix as the grease ages in the bearing.
Spreading model
Model description
To analyze the oil release and spreading quantitatively, we developed a model that describes the oil flow from the grease patch into the blotting paper. It will predict the effective radius of the oil stain in the paper as a function of time.
The rate of oil release is attributed mainly to the difference of the capillary pressures in the grease matrix and the paper which drives the release, and the permeability of paper and grease which causes a resistance to the oil flow. The capillary pressure can be obtained by balancing the surface wetting energy, C i ∆γ i δV , in a certain volume δV with the virtual work, φ i ∆p i δV , done by the pressure drop over that volume:
where the subscript i indicates the medium, grease matrix or paper. ∆p is the capillary pressure, being the pressure drop over the oil-air interface, and C the specific wetting area, i.e. the surface area per unit volume of the porous medium. ∆γ is the difference in interface tension at the matrix-oil and the matrix-air interface and φ the porosity of the medium. Moreover, C = C/φ is the surface area per unit volume of absorbed oil. Note that φ δV is the volume available to the oil. The product C ∆γ is the wetting energy per unit volume of absorbed oil, discussed in section 3.1. We call C ∆γ the wetting affinity.
To model the dynamics of the oil release, we consider a slug of oil that penetrates from the grease matrix into the paper. As mentioned, both paper and grease matrix are modeled as a homogeneous and isotropic rigid porous medium. The geometry is schematically shown in Fig. 1 . Because the thickness of the paper is small compared to the base radius of the grease patch, we neglect the imbibition of oil in the vertical direction at the initial stage. In the grease matrix we assume a 1-D flow in the z-direction and in the paper a 2-D radial flow. Based on mass conservation, the radial outflow in the paper is given by v r = −rv z /2b for r < a and:
for r ≥ a, where v r is the average velocity in the radial direction, while v z is the average vertical velocity at the matrix-paper contact area with radius a. Incorporating Darcy's equation, ∂ p/∂ r = (−µ/k) v r , we find for the pressure distribution in the paper:
where µ is the viscosity of the oil, k p the permeability of the paper and p 0 the pressure at r = z = 0. We identify the oil front in the paper with the radius R as defined in section 3.2 and introduce the variable ξ = (R/a) 2 = m/m 0 where m 0 = ρφ p πa 2 b. Note that ξ can be considered to be the dimensionless radius squared of the stain but also the dimensionless mass of oil in the stain. For ξ > 1 we get for the pressure:
where p ∞ is the ambient pressure. Similarly, the oil flow in the grease is described by:
where H is the height of oil in the grease matrix, k g the permeability of the matrix, ∆p g the capillary pressure in the grease matrix. Moreover, p b = a 0 p(r) 2πrdr/(πa 2 ) is the average pressure at the lower side of the reservoir at z = 0. Combining Eqs. 10 and 11 leads to:
where we define ∆P = ∆p p − ∆p g . When a 2 bH 0 , the last term on the right hand side, containing the permeability of the grease matrix k g , can be neglected. The speed of the oil front is given byṘ = v r (R)/φ p . Therefore one obtains from Eqs. 8 and 12 the differential equation:
where τ = t/t s . The characteristic time t s is defined as:
Solving this differential equation with the initial condition ξ (τ = 0) = 1, we get for 1 ≤ ξ ≤ ξ max :
where ξ max = m tot /m 0 is determined by the amount of oil m tot available in the drop or grease patch. Eq. 15 will be used to determine t s (and in case of spreading from oil drops, also the radius a). With these values we determine
Characterizing the paper
From the oil spreading experiments we can only determine the product k p ∆P and not k p and ∆P independently. Therefore a separate capillary rise experiment has been performed. Stripes of paper are dipped vertically in a reservoir filled with the same oil as used in the spreading experiments. In the capillary rise experiment, the width of the intensity gradient at the oil front is small, therefore only the height of the oil front is monitored over time. The final height h ∞ of the oil front is determined by the capillary pressure ∆p p in the paper, according to Jurin's law:
where g is the acceleration due to gravity. When the oil front is still rising with velocityḣ = v z /φ p , the pressure difference ∆p p is given by:
Solving this equation, the time to reach a height h is:
with the characteristic rising time:
In the initial stage of capillary rise when h h ∞ , Eq. 18 reduces to:
where w = h ∞ (2/t r ) 1/2 is the initial slope of the rising height versus the square-root of time. In principle we can extract from these measurements values for ∆p p (from h ∞ ) and k p (from t r ), separately. However, the deviation from the linear behavior is small, as we can observe from the inset of Fig. 6 , where the rising height h has been plotted versus √ t. Therefore, a reliable value for h ∞ is hard to obtain due to lack of data in the latest stages of the capillary rise. Measuring the rising height over longer time would improve the accuracy, but side effects such as evaporation and paper degradation due to swelling, limit the maximum observation time. In order to obtain more accurate results, we fix the value for the initial slope to:
where the value for k p ∆p p /(µφ p ) = 1 8 a 2 /t s has been taken from the oil spreading tests which will be discussed in the next section. Using Eq. 21 as a constraint, we fit Eq. 18 to the capillary rise data using only the final height h ∞ as fit parameter. The best fitting curves have been shown in Fig. 6 . For the final height we obtain 63 ± 17 cm for SKF paper and 68 ± 15 cm for WCP paper, corresponding to a capillary pressure of around 6 kPa for both papers and a permeability of 0.81 ± 0.26 µm 2 and 1.82 ± 0.63 µm 2 for SKF and WCP paper, respectively. These data have been summarized in Table 1 .
Discussion
Spreading from a drop.
To validate our model calculations, Eq. 15 has been fitted to the oil spreading data. The obtained fits are shown in Fig. 7 . For short times, t/t s ≤ 1, the experimental curves nicely collapse onto the expected master curve, described by Eq. 15. From the fit we obtain the spreading time t s and the initial radius a of the apparent three phase contact line of the drop on the blotting paper. With these values we determine w = ( 1 4 a 2 /t s ) 1/2 , used for analyzing the capillary rise data described in section 4.2, and k p ∆p p , see Table 1 . For long times, t/t s 1, the experimental curves reach a plateau because the drop is fully absorbed by the paper and the influx of oil stops. The 
Oil-matrix affinity.
In Fig. 5 the spreading data from greases with varying oil content are shown as R versus √ t for both SKF and WCP paper. When fitting the spreading model to these data, the initial stage for t/t s < 0.5 is not considered, because in this regime the amount of adsorbed oil and so the radius R is over-estimated, as explained in section 3.2. In the time interval 0.5 < (t/t s ) 1/2 < 3 we can approximate the model curve, Eq. 15, with an error less than 1%, by the linear relation:
where R 0 = 1.5 a, c 1 = 0.39 and c 2 = 1.55. The observed linear dependence is characteristic for Washburn-like imbibition 15 . Considering Fig. 5b we observe that for WCP paper at later times, t/t s > 10, the slope of the measured curves is slightly smaller than that of the model curve. This is possibly caused by a change in the effective permeability of the blotting paper, due to the redistribution of oil from larger to smaller pores. This has not been taken into account in the modeling. The resulting scaling is shown in Fig. 8 . Again, the experimental curves collapse onto the expected master curve (except for t/t s < 0.5) when we plot the dimensionless radius ξ = R/a versus the dimensionless time τ = t/t s or versus √ τ as shown in the inset of the figure. Using the fitted values for the characteristic radius a (which deviate in all cases less than 10% from the expected value of 5 mm) and spreading time t s we calculate a 2 /t s . These values have been given in Table 1 . From the table we read that the ratio a 2 /t s decreases by at least a factor 40 when the oil drop is replaced by a grease patch. According to Eq. 14 this ratio is proportional to the permeability k p of the paper and the difference ∆P = ∆p p − ∆p g of capillary pressures in the paper and in the grease matrix. When a drop of oil is placed on the paper, the capillary pressure due to the curvature of the drop is negligible compared to the capillary pressure in the grease matrix. This results in a much faster oil release and spreading from the oil drops. As discussed in section 3.1 the capillary pressure ∆p g can be identified with the oil-matrix wetting affinity. From this perspective, the release of oil from the grease is caused by a slightly higher affinity of the oil for the adsorbing paper than for the grease matrix. This difference in wetting affinity, as listed in Table 1 , is much smaller than the absolute affinity of the oil for the paper. Therefore, the oil imbibes the paper at a much slower rate from a grease patch than from an oil drop, as shown in Fig. 5 .
From the data in Table 1 we conclude that the wetting affinity of the oil for the grease matrix is: ∆p g = 6 ± 1 kJ/m 3 . For a fiber network with properties as mentioned in the introduction we estimate the specific wetting area of the grease as:
where φ g = 0.76 is the pore volume fraction, A f the surface area of a single fiber, V f its volume. Assuming the fibers to be cylindrical with a characteristic radius a and length l of 0.2 µm and 3 µm 2 , we find C g 3 · 10 6 m −1 . With Eq. 7 we estimate ∆γ g 2 mJ/m 2 . This is only a rough estimate but ∆γ g has the right order of magnitude.
For the blotting paper we also get the pore size distribution from the mercury porosimetry. Using these distributions we estimate for WCP paper C g 0.8 · 10 6 m −1 and for SKF paper 2.2 · 10 6 m −1 . Therefore we obtain for ∆γ p 7.6 mJ/m 2 and 2.7 mJ/m 2 , respectively. Again this is in the range one should expect 19 . Unfortunately, the uncertainty in ∆p g and ∆p p is quite large due to the large uncertainty in h ∞ as obtained from the capillary rise experiment, see Table 1 , ∆h ∞ /h ∞ 0.25. Considering the differences in ∆p p − ∆p g for SKF and WCP paper, as presented in Fig. 9 , we find: ∆p p (SKF) − ∆p p (WCP) = 40 ± 15 J/m 3 . It corresponds with the vertical distance between the trend lines in Fig. 9 . Remarkably, the wetting affinities of both types of paper are equal within 1% while their specific wetting areas and permeabilities differ by a factor two.
Aging of grease.
As already explained, to mimic the aging of the grease in a rolling bearing, we intentionally depleted the oil from our grease samples before performing the spreading experiments. When the oil is partially removed from the Fig. 9 Difference between oil-grease and oil-paper wetting affinity, ∆p g − ∆p p , versus relative oil content of the grease patch for SKF (red symbols) and WCP paper (blue symbols).
grease, the spreading time increases considerably, as can be observed from Fig. 5 , but the wetting affinity ∆p g increases only slightly, as shown in Fig. 9 , where ∆p g − ∆p p as been plotted as a function of the relative oil content of the grease. Here we take the original fresh grease as a reference. When up to 34% of the oil is removed from the matrix, the affinity increases, according to Fig. 9 , by no more than 40 J/m 3 , which is approximately 1% of the initial affinity. However, from Fig. 5 we observe that the spreading time on the absorbing paper increases by a factor 4. When a significant part of the oil is depleted, the grease matrix may partially collapse, leading to a denser matrix with a larger specific wetting area. The observed small increase in the oil-matrix affinity with decreasing oil content can be attributed to this change in the micro structure of the grease.
Conclusion
To determine the wetting affinity of lubricating oil for its grease matrix, i.e. the total wetting energy per unit volume of grease, we extracted oil from the grease using blotting paper. We quantified this affinity by determining the capillary pressure in the grease matrix, compared with the capillary pressure in the paper and studied the spreading of the resulting oil stain in the paper. We used an optical method to determine the local oil density in the stain and from that the total amount of oil extracted from the grease. The amount of oil extracted by the paper is quantified by the attenuation of transmitted light intensity based on a modified Lambert-Beer law. With this method we measured the development of the stain radius as a function of time. The spreading time of the oil stain is modeled by calculating the effective stain radius R as a function of time t, using a Washburn-like model, in which the oil flows from one porous medium (the grease matrix) into another (the absorbing paper). The characteristic time for the oil release and spreading is inversely proportional to the difference between the oil-1-10 | 9
paper and oil-matrix wetting affinity. Because the spreading time also depends on the permeability and porosity of the porous media involved, we determined in a separate experiment the permeability and affinity of the blotting paper, while its porosity was determined separately by mercury porosimetry. The model describes the observed spreading behavior very well, as can be concluded from the collapse of all experimental curves on a single master curve in Fig. 8 . The wetting affinity of the oil for the grease matrix of 6 kJ/m 3 increases slightly as the oil content of the grease matrix is reduced. This gentle increase can be explained by a partially collapse of the matrix during oil depletion. Although it is small, less than 1%, it leads to a significant increase of the spreading time of the oil stain, with approximately a factor 4.
The obtained analytical and experimental insight in the oil-matrix wetting affinity and the resulting release dynamics of liquid from its matrix is useful not only for understanding the grease performance in rolling bearings, but also for applications that, for instance, utilize the syneresis of organogels 5 , or for constructing superhydrophobic, self-cleaning or anti-icing surfaces, where the formation of a thin liquid film on top of the gel coating is essential [6] [7] [8] . It is also useful for optimizing cleaning procedures of delicate art work, or controlled drug delivery 9, 10 .
